Hyperfine interactions associated with the ' N nucleus in the diamond N-V defect have been investigated using Raman-heterodyne techniques. The measured nuclear-magnetic-resonance (NMR) and electron-nuclear-double-resonance frequencies were well accounted for by the triplet-spin Hamiltonian, where all the parameters have been fully determined. Hole-burning effects in electron paramagnetic resonance were observed and the spectral structures are found to be in good agreement with the proposed energy levels. The spin-density distribution in the complex is also discussed. The nuclear dipole moment and NMR homogeneous linewidth have been measured. Optical pumping is also shown to play an important role in determining the hyperfine-transition intensity. Interference measurements in NMR by introducing an additional rf field again indicate that population factors are responsible for the varying Raman-signal amplitudes.
I. INTRODUCTION
In the preceding paper, ' we presented the level anticrossing (LAC) studies of the diamond nitrogenvacancy (N-V) defect in its A ground state using Raman-heterodyne spectroscopy. ' Here we are concerned with the hyperfine interactions associated with the ' N nucleus in the defect complex. The magnetic hyperfine and nuclear quadrupole constants in the spin Hamiltonian were determined from the nuclearmagnetic-resonance (NMR) and electron-nucleardouble-resonance (ENDOR) measurements. ' Electron spin-density distribution around the complex is discussed using simple atomic orbital calculations.
The nuclear quadrupole eA'ect is also discussed. Hole burning in electron paramagnetic resonance (EPR) has been performed and used as a complementary technique, which is helpful for a further understanding of the hyperfine structure.
The interference efFect on the NRM spectra was also observed by introducing a second rf field driving a particular hyperfine transition while monitoring the overall NMR spectra. This is used to establish the inAuence of spin population on the Raman-signal intensity. Coherent transients such as nutation and spin-echo measurements were employed to determine the dipole moment and homogeneous linewidth associated with the NMR transitions. 'Loubser and van Wyk (Ref. 8) . Bloch et al. (Ref. 9 ). 'Reddy, Manson, and Krausz (Ref. 10) .
are shown in Fig. 3 The magnitude of 3~~was also measured previously from the hyperfine splittings in the EPR spectra. Other parameters, however, have not been determined before.
The parentheses in Table I indicate that the sign is not determined experimentally (see below).
A. Magnetic hyperfine interaction
At each atom site, the atomic orbital for the unpaired electrons can be considered as a hybrid 2s2p orbital given by, g=c2, $2, +cz~Pz~, where g2, and gz~d enote, respectively, the 2s and 2p orbitals, and c2, and c2~a re two corresponding coefficients. This is valid for diamond as d orbitals are much higher in energy. For the atoms adjacent to the vacancy, we take the p function as directed approximately along the tl 1 1] direction from the site to the center of the vacancy. To the first approximation, the hyperfine interaction at a particular atom is determined solely by the part of the wave function close to that site.
In this case, the hyperfine interaction is axially symmetric along the p orbital axis and can be written as"
Here the isotropic term a arises from the Fermi contact interaction, a =(Srr/3)g/3g"P"cz, q~$2, (r") 2, (3) where g and g"are, respectively, the electron and nuclear g factors, /1 and P, are, respectively, the electron and nuclear magnetons, g is the electron spin density, and Pz, (r") is the 2s wave function at the nucleus. The anisotropic term results from the dipole-dipole interaction given by
where ( 1/rz") is an integration over the wave function.
Using previously estimated values for~$ 2, (r") and (1/rz ) for both N and C, ' ' one can solve cz"cz and q using Eqs. (3) and (4) together with the hyperfine constants. The results are listed in Table II. Equations (3) and (4) In NMR spectra (Fig. 1) ' It was also noted that when the magnetic field was aligned exactly along the [111] axis at a value close to the LAC, the ENDOR signal was still significant, whereas the EPR signal was found almost to disappear. This observation supports the interpretation for the collapse of the EPR as a consequence of equal populations in the two electron spin levels. ' The application of the second rf field altered the populations in the hyperfine sublevels such that the EPR signal was greatly modified and became detectable in the double-resonance experiment. Figure 4 shows two typical hole-burning spectra in the EPR, where the strong rf field was tuned to 42 and 50 MHz, respectively, and the probing field was swept from 40 to 50 MHz. Two apparent holes are 4.9 and 5.2 MHz away from the burning rf in both cases, giving two of the hyperfine level separations in the m&=0 state. Due to the state mixing, the saturating rf field could drive a normally forbidden transition. For trace (b) of Fig. 4 , the saturating field at 42 MHz depleted the population in the mz= -1(mz= -1) level and consequently an apparent hole appeared at a frequency 5.2 MHz higher when the probing rf was swept through the ms = -1~0(mi = -1) transition. Similarly, for trace (c), the rf at 50 MHz drove the m~= 0(mz = -1)+-+m~= -1(ms =0) transition and depleted the population in the m&=0(ms = -1) level, resulting in a hole at a frequency 5. 
III. HOI.K BURNING

